Introduction
Commercial photocatalytic self-cleaning materials are finding increasing usage throughout the world, with the market's total worth being projected at over $3 billion for 2020 [1] ; the bulk of this use is in the form of architectural materials, such as self-cleaning: glass, paint, awning and concrete materials [2, 3] . It follows that there is a real need for novel, accessible and economical testing methods for assessing the efficacies of such materials. Both the manufacturers and end-users of such materials are beginning to eschew the more traditional, costly photocatalytic testing techniques (the methylene blue ISO test, for example [4, 5] ), which are often slow and require dedicated technical support, in favour of more rapid assessment techniques, such as photocatalyst activity indicator inks, i.e. paiis [6, 7] .
A paii is an ink comprising a redox-indicating dye (usually the dye, resazurin, Rz), a sacrificial electron donor (SED), often glycerol, and a polymer binder, such as hydroxyethyl cellulose (HEC) [8] . The ink is used to coat a photocatalytic surface under test and, as such, may be applied using a felt-tipped pen [9, 10] , aerosol spray [11] or ink draw-down [8, 12] . In the case of an Rz paii, the generation of surface electron/hole pairs by the photocatalytic material under test, when irradiated by light of sufficiently high energy (h  Ebg), results in the subsequent rapid oxidation of the SED and the concomitant reduction of the Rz (blue) to resorufin, Rf (pink) in the paii [8, 10] . Paiis of this, and other, closely related, formulations have been adopted widely in recent years as the primary testing technique in many research articles detailing the development of new photocatalysts, as well as in industry. Examples of the growing use of paiis are given in Error! Not a valid bookmark selfreference.. Of all the techniques used to apply the ink, the drawdown method, using a K-bar, is the most popular, since it delivers a highly reproducible film on a smooth surface, yielding a wet ink film, thickness ca. 24 m, which then dries within 10-15 min to form a film ca. 2.1 m thick [28] .
Figure 1(a)
illustrates the results of a typical experiment in which an Rz paii has been coated using a K-Bar (No. 3) onto a photocatalyst glass surface and irradiated with UVA light, whilst its UV-vis spectrum is monitored as a function of irradiation time. 
Experimental

Chemicals and materials
All materials were purchased at the maximum available purity grade from Sigma-Aldrich, unless stated otherwise. The pressure-sensitive adhesive polymer used to make the label was Tackwhite AT 4M1, from IChemCo. A list of the TiO2-based photocatalytic test materials used in this work, and their features, are listed in Table 2 . a: Sol gel films prepared as described elsewhere [38] , then diluted to 1 wt.% concentration in 0.1 M HNO3, so that they can be coated (using a doctor blade technique) to yield an appropriately thin (250 nm) film, but with ca.
5-15 nm particles [39] as measured by SEM ( Figure 2c).
b: Average roughness determined using AFM. The roughness of the Sheerfill V awning's photocatalyst coating could not be determined, as the bulk material is itself rough on a macroscopic scale.
The surfaces of the materials were probed using a scanning electron microscope (FEI Quanta FEGEnvironmental SEM Oxford Ex-ACT) and the results of this work are illustrated in Figure 2 . In all cases, the EDX facility on the SEM revealed a surface covered with TiO2. Studies investigating the morphology of each surface, conducted using AFM (a Nanosurf Flex-Axiom in dynamic force mode), showed that the surfaces exhibited a range of roughness, of which the two glass samples were the smoothest, and the Sto paint sample the roughest, see table 2. TiO2 particles of ca. 68 ± 8 nm distributed across the surface, which, in turn, appeared to be fused aggregates of smaller sized particles, ca. 30 ± 5 nm. The awning material, figure 2(f), was too fragile to be analysed using high-vacuum electron microscopy without being destroyed, however analysis using low vacuum SEM at the same magnification revealed an apparent TiO2 aggregate particle size of 230 ± 20 nm. The above photocatalytic materials provide a reasonably diverse range of surfaces and activities with which to test the Rz labels.
Formulation of a typical Rz draw-down ink
A typical Rz ink was made by first adding 0.15 g of the water-soluble cellulose ether, hydroxyethyl cellulose (HEC; average MW = 320k g mol -1 ) to 9.85 g of water, to give a polymer concentration of 1.5
wt%. To this were added 1 g glycerol and 10 mg Rz (Na salt) and the resulting ink was then stirred overnight on a magnetic stirrer plate to ensure all the components were fully dissolved.
Formulation of the screen-printable Rz ink
A typical screen-printable paii was produced by dissolving 3.5 g of the alcohol-soluble, cellulose ether, hydroxypropyl cellulose (HPC; average MW = 80k g mol -1 ) in a binary solvent solution, comprising: 62 g n-butanol and 6.2 g ethanol, to give a polymer concentration of 5 wt%. To this were added 4 g of the sacrificial electron donor, glycerol, and 200 mg of the redox-active dye, Rz (Na salt). The ink was then allowed to stir overnight to ensure the complete dissolution and mixing of the ink components.
Unlike the water-based ink reported in section 2.2 (viscosity = ca. 980 mPa s), this solvent-based Rz ink had a suitably low viscosity (ca. 105 mPa s) for screen printing.
Screen printing an adhesive paii label
In screen printing, ink deposition is achieved by forcing the ink through a negative template (formed from permeable portions of an otherwise impermeable screen), onto a substrate which is placed beneath the screen, using a squeegeeing action. In this work a model SD-05 screen printer (RokuPrint) was used to print both the solvent-based Rz ink and the adhesive, using appropriate different bespoke designed silk screen templates, made and supplied by GK Marketing Supplies Ltd.
Thus, the solvent-based paii was printed through a 43 thread cm ) was chosen for the screen printing of the PSA (viscosity = 600 mPa s), since higher thread counts improve print definition [40] . The dry film thickness of the printed adhesive was ca. 10 μm.
The screen-printed adhesive and paii were allowed to dry in air in the dark for 48 h before being applied to a protective layer comprising: a cellulose acetate (CA) projection sheet (100 micron thickness, Hartwii), which was then laminated with PET (2 x 80 micron sheet laminator pouches, provided by Swordfish); this protective layer prevented any further drying out of the indicator film during storage. The CA sheet in the protective layer usually had black ink printed on its surface so as to protect the underlying Rz paii from photobleaching due to ambient light. Whilst the Rz ink/adhesive on PET film was cut into 3 cm circles, the CA/PET protected sheet was cut into a slightly larger, tearshaped pattern so as to allow for its easy removal from the indicator layer when it came to peeling them apart. In later work, using bigger screens, it was possible to print 18 identical labels simultaneously, using the above technique, which could then be cut into individual units using a custom-designed die cutting template. Figure 3 shows a digital image and a schematic illustration of a typical label, although, in this case, the CA sheet was not printed with black ink, so as to render the underlying Rz paii visible. Note: since the irradiation of the semiconductor photocatalyst is usually carried out through the label (an obvious necessity for opaque samples) it follows that the dye (Rz), and its pink reduced form (Rf), and the ink's supporting substrate (50 m PET here) must not absorb strongly this radiation.
Fortunately, both Rz and Rf absorb little UVA (315 -400 nm) [28] and the same is true for the PET film, which, for example, had an absorbance of ca. 0.05 at 352 nm, i.e. the maxima of the UVA BL used in this work.
Assessment of photocatalytic surface activity using the label and ink
For the purposes of this work, unless otherwise stated, all irradiations were carried out using a 15 W black light lamp (Eiko), with an emission peak maximum, em, at 352 nm (FWHM = 40 nm), and an irradiance of 2.0 mW cm --2 . All photocatalytic test samples were pre-treated under the same UV irradiation conditions for 1 h prior to testing, so as to clean the surface photocatalytically by mineralising any organic pollutants that may be on the surface of the sample under test, and also to render the surface superhydrophilic, so as to improve the adhesion of the screen-printed label when applied subsequently.
Once the sample under test was cleaned using UV light, a screen-printed label was peeled from its PET/CA protecting top-cover film and stuck to the surface carefully, so as to avoid trapping any air bubbles. The label was then smoothed, by thumb or cylindrical roller, to remove any remaining trapped air and enhance its contact with the underlying sample. The label-covered sample was then irradiated with UV light, as described above, and its colour monitored regularly using digital photography. The images of the label were analysed using RGB colour analysis, via the software package ImageJ [41] , which then allowed the average values of the red, RGB(red), blue, RGB(blue), and green, RGB(green) components of the image, to be extracted for each image, i.e. each image sampled at time, t. This in turn allowed the normalised value of the RGB(red), i.e. Rt to be calculated, via the expression:
The normalised red component was chosen since it gave the biggest change in value, as the Rz was photoreduced to Rf. Thus, from the photographic images of the change in colour of the Rz label recorded for each sample tested, a plot of Rt vs irradiation time, t, was generated; a typical example of which, for the label on Activ self-cleaning glass, is given in Figure 4 , vide infra. Further details regarding this method of colour analysis are given elsewhere, [42, 43] . The camera used in all this work was a Canon EOS 7D.
Results & Discussion
Rz label vs. a traditional Rz paii ink
All initial tests on the label's response were carried out on Plkington Activ™ photocatalytic glass, as it is a well-studied material that has served as a commercial benchmark photocatalytic surface in many other studies, including ones using paiis [12, 44, 45] . In a typical experiment, the Rz label on Activ™ was irradiated with UV light and photographed as a function of irradiation time. These images and the results of the RGB analysis, i.e. a plot of Rt vs. t, are illustrated in Figure 4 and reveal a value for ttb(90) (i.e. the time taken to reach 90% of the maximum value of Rt) of 8.8 min (highlighted in by a red dot in Figure 4 ). The same sample of self-cleaning glass was also tested, under the same conditions, using the traditional drawdown Rz ink, which was monitored and analysed in the same manner as the Rz label so as to yield an Rt vs. t plot that that was noticeably sharper in response to that shown by the Rz label, with a ttb(90) of 3.8 min [12] . The drawdown Rz ink (2.1 m thick) obviously responds much faster (by about a factor of two) than the screen-printed label (4m thick), which is not surprising, given the kinetics of Rz reduction have been found to be inversely dependent upon film thickness [28] . A repeatability test carried out using five Rz labels produced on the same day, yielded an average ttb(90) value of 8.8  0.16 min, i.e. ca. 1.8 %, which compares well with that reported previously for the Rz ink test ( 4.3%% [46] ). Other work showed that the Rz label remained unchanged in colour and responsivity when stored in the dark, under otherwise ambient conditions for over 6 months.
Assessment of photocatalytic surface activities
The screen-printed Rz label was tested on a number of different commercial photocatalytic samples, the details of which are given in Commercial photocatalytic self-cleaning materials are finding increasing usage throughout the world, with the market's total worth being projected at over $3 billion for 2020 [1] ; the bulk of this use is in the form of architectural materials, such as self-cleaning: glass, paint, awning and concrete materials [2, 3] . It follows that there is a real need for novel, accessible and economical testing methods for assessing the efficacies of such materials. Both the manufacturers and end-users of such materials are beginning to eschew the more traditional, costly photocatalytic testing techniques (the methylene blue ISO test, for example [4, 5] ), which are often slow and require dedicated technical support, in favour of more rapid assessment techniques, such as photocatalyst activity indicator inks, i.e. paiis [6, 7] . 
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donor (SED), often glycerol, and a polymer binder, such as hydroxyethyl cellulose (HEC) [8] . The ink is used to coat a photocatalytic surface under test and, as such, may be applied using a felt-tipped pen [9, 10] , aerosol spray [11] or ink draw-down [8, 12] Table 1 . Unless stated otherwise, all irradiations were carried out using the BL lamps and irradiance reported in Figure 4 . Some of these digital photographic images generated as a result of this work are shown in Figure 5 . The photographic images generated in this study allowed the construction of a Rt vs. t, plot, and determination of the ttb(90) value, for each of the different photocatalytic materials tested; an example of which, generated using a typical Rz label applied to a sample of the photocatalytic awning material and irradiated under the usual conditions for 24 min, is shown in Figure 6Figure 6.
The ttb(90) data (generated from the Rt vs t plots for each material shown in Figure 5 ) are collected in The awning photocatalytic material, Sheerfill V, is an example of where the Rz new label is particularly advantageous over the more traditional paii application methods. Sheerfill V has a smooth, hydrophobic surface, so that when the traditional Rz ink is applied, via the draw-down method, the ink has a tendency to reticulate and so doesn't form a film, rendering the traditional Rz ink test method unusable on this material. In contrast, the screen-printed Rz label has sufficient tack that it adheres to the awning material, thereby allowing the label to provide a measure of its photocatalytic activity. A brief inspection of the results in Table 3 a: Sol gel films prepared as described in Table 1 , with dry thickness ca. 8x lower than a typical sol-gel film as described in cited literature [39] , and yet it still requires < 6 s UV irradiation to change the colour of the Rz label or ink.
b: Value measured in this work
Finally, one of the key features of the Rz label is that it can be used readily in situ and, in particular, it can be used to assess the activity of vertical or tilted samples, such as glass panes, in situ. An illustration of this is given in Figure 7 , which shows the colour changes undergone by an Rz label stuck to a vertical sheet of self-cleaning glass upon its UV irradiation. 
Conclusions
A novel delivery system for the established resazurin photocatalyst activity indicator ink (paii) system is reported, comprising a central Rz ink film, which uses HPC as the encapsulating polymer, and a PSA ring which helps secures the label in place. The label is about 2 times slower than the more commonly used Rz photocatalytic activity indicator ink. However, it is very stable, easily stored, readily utilised and applicable to vertical as well as horizontal surfaces, making it well suited for use in the field, i.e. for the in situ assessment of the activity of photocatalytic active films, i.e. quantitative analysis, or the identification of a photocatalytic surface, qualitative analysis.
